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An Introduction to Gas Accretion onto
Galaxies
Mary E. Putman
Abstract Evidence for gas accretion onto galaxies can be found throughout
the universe. In this chapter, I summarize the direct and indirect signatures of
this process and discuss the primary sources. The evidence for gas accretion
includes the star formation rates and metallicities of galaxies, the evolution of
the cold gas content of the universe with time, numerous indirect indicators
for individual galaxies, and a few direct detections of inflow. The primary
sources of gas accretion are the intergalactic medium, satellite gas and feed-
back material. There is support for each of these sources from observations
and simulations, but the methods with which the fuel ultimately settles in to
form stars remain murky.
1 Introduction
The idea of gas accretion onto galaxies first came ∼ 50 years ago. In the
1960s and 70s, observations of high velocity hydrogen clouds were made and
it was proposed they represent infalling Galactic fuel (Muller et al., 1963;
Hulsbosch, 1968; Dieter, 1971; Oort, 1970). This infall was soon understood
to have consequences on the Milky Way’s star formation and distribution of
stellar metallicities (Larson, 1972a,b; van den Bergh, 1962). Since the original
detection of Galactic cold hydrogen halo clouds, observations have been made
of halo gas in a variety of phases for galaxies throughout the universe. The
observations have made it clear that there are abundant baryons surrounding
galaxies and that some of these baryons will accrete and fuel future star
formation.
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There are numerous observations of galaxies and the intergalactic medium
(IGM) that infer gas accretion is needed throughout cosmic time. There are
galaxies at all redshifts observable with star formation rates that indicate they
will run out of fuel within a few Gyrs without replenishment. The metallicities
of their stars also suggest galaxy evolution models without accretion will not
work. At the level of the census of baryons in the universe, the decrease in
the mass density of cold hydrogen with time does not closely track the steady
increase in the mass density of stars, and this requires the ionized IGM to
cool and accrete onto galaxies. The first section of this introduction provides
an overview of this type of indirect observational evidence for gas accretion.
Theoretically, ongoing gas accretion is required to produce realistic galax-
ies and it largely occurs through the accretion of the intergalactic medium and
satellites. Feedback from galaxies is also a key component of galaxy forma-
tion models and the interplay between accretion and feedback is important to
understand. There is some observational support for the IGM, satellite gas,
and feedback material all being sources of future star formation fuel. The
second section of this chapter discusses these sources of gas accretion and the
different modes with which the gas may ultimately reach the star-forming
core of a galaxy.
Direct evidence for gas accretion, as in the kinematic signature of gas
falling directly onto the stellar component of a galaxy, is relatively rare and
the third section of this chapter summarizes the direct observational evidence
currently available. Some of the numerous additional observational claims
for gas accretion onto individual systems are also discussed. I conclude this
chapter with a brief summary and thoughts on directions for the future.
2 The Need for Accretion through Cosmic Time
The need for ongoing gas accretion is evident in observations of galaxies
and the IGM at all redshifts. In this section, the broader indirect pieces of
observational evidence for gas accretion are discussed. This includes the star
formation rates of populations of galaxies, the state of the baryons in the
universe, and the metal enrichment history of galaxies.
Star formation rates that will exhaust a galaxy’s gas supply on a relatively
rapid timescale are commonly derived from observations. At high redshift
(z > 1), there are measured gas depletion times of less than a Gyr (e.g.
Genzel et al., 2010; Daddi et al., 2010; Tacconi et al., 2013). The high red-
shift observations are limited to those galaxies with accessible gas and star
formation tracers (Shapley, 2011), but this result is found for a wide variety
of tracers. At lower redshift, where there is a more complete census of the gas
content and star formation rate of galaxies, the measured gas depletion times
are longer, but still typically less than a few Gyrs (Kennicutt & Evans, 2012;
Bigiel et al., 2011; Leroy et al., 2013; Schiminovich et al., 2010). The primary
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exception is the gas-rich dwarf galaxies that can have depletion times closer to
a Hubble time (van Zee, 2001; Hunt et al., 2015; Huang et al., 2012). There is
evidence that galaxies are undergoing a more efficient mode of star formation
at higher redshift, leading to the shorter depletion times and the need for a
greater rate of accretion at early times (Scoville et al., 2016; Santini et al.,
2014). This is also evident in the evolution of the specific star formation rate
(SFR/M∗) that gradually decreases towards lower redshifts at a given stellar
mass (Madau & Dickinson, 2014; Karim et al., 2011). The accretion process
may be key to regulating a galaxy’s SFR and without it the depletion times
at all redshifts suggest a large fraction of galaxies are not far from being red
and dead.
Beyond individual galaxies, the cold gas content of the universe as a whole
should decrease as more stars are formed. If it does not correspondingly de-
crease there must be continuous cooling of the ionized gas in the IGM and
halos that harbor the majority of the baryons in the universe (Shull et al.,
2012; Bregman, 2007). This can be investigated with a comparison of the mass
density of atomic hydrogen to the mass density of stars through cosmic time,
as shown in Figure 1. This figure shows that the HI mass density has an over-
all decrease from z = 3 to z = 0 (∼ 11 Gyr ago to today), but this evolution is
mild compared to the increase in stellar mass density with time. Where the
decrease in HI mass density specifically happens depends on the measure-
ments adopted (Rao et al., 2006; Lah et al., 2007; Prochaska et al., 2005),
but the values at z = 3 derived from damped Lyman-α absorbers (DLAs)
are clearly higher than the HI emission measurements at z = 0 (Zwaan et al.,
2005; Hoppmann et al., 2015). A recent study by Neeleman et al. (2016) at
z ∼ 0.6 (∼ 6 Gyr ago) is consistent with a gradual decline from z = 2 to
today. This measurement was achieved with a blind DLA survey, an improve-
ment over the higher point at approximately this redshift/time that is based
on Mg II surveys (see Prochaska & Wolfe, 2009). In any case, the evolution
of the HI does not appear to closely follow the evolution of the stellar mass
density or star formation rate density of the universe (Madau & Dickinson,
2014; Putman et al., 2009; Hopkins et al., 2008). Naively a direct correlation
would be expected if there is no accretion and cooling of new HI gas.
There is clearly more work to be done to understand the evolution of
baryons across time. For the mass density of atomic hydrogen, we are cur-
rently limited to using absorption line studies at every redshift but z = 0,
where HI emission measurements are available. This will improve with HI
emission surveys that can reach z = 0.5 (∼ 5 Gyr ago) in progress with the
JVLA (Ferna´ndez et al., 2016), and planned with SKA precursor telescopes
(ASKAP; Duffy et al., 2012). The MeerKAT survey LADUMA is designed to
detect HI in emission out to at least z = 1 (over half the age of the universe),
and this will significantly add to our knowledge of the evolution of the HI mass
density. CO surveys with ALMA are also an important component to our fu-
ture understanding of the evolution of the cold gas content of the universe.
The CO has a direct correlation with star formation (i.e., a short consump-
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Fig. 1 A comparison of the evolution of the stellar mass density (stars/purple) and atomic
gas (HI) mass density (points/green) with redshift (top) and lookback time (bottom). The
HI data are from the compilation by Neeleman et al. (2016) and Sa´nchez-Ramı´rez et al.
(2016), and the stellar mass densities are taken from the Madau & Dickinson (2014) com-
pilation. The HI measurements are largely based on damped Lyman-α absorption mea-
surements except at z ∼ 0. The purple and green shades represent the running me-
dian and scatter of the data with the shaded HI incorporating the z > 1.6 results of
Sa´nchez-Ramı´rez et al. (2016).
tion time; Bigiel et al., 2011; Leroy et al., 2008), and correspondingly the
molecular (traced by CO) to stellar mass ratio already shows indications of
a clear decline with redshift (Carilli et al., 2013; Bauermeister et al., 2013).
The molecular gas depletion rate does still require continuous replenishment
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via gas inflow (Bauermeister et al., 2010), but it is not as directly apparent
as with the HI evolution.
The final piece of indirect observational evidence for accretion discussed in
this section is the metallicity distribution of the stars in galaxies. In the local
universe, the metallicity distribution of the long-lived stars support galaxy
evolution models with a continuous inflow of relatively low metallicity gas
(Chiappini, 2009; Fenner & Gibson, 2003; Larson, 1972b). Closed box galaxy
evolution models produce a wider distribution of stellar metallicities than is
observed and this has traditionally been referred to as the G-dwarf problem.
This evidence for accretion is strongest in the local universe where the metal-
licity of individual long-lived stars can be measured (Holmberg et al., 2007;
Kirby et al., 2013; Grillmair et al., 1996), but it is also consistent with the
metallicities derived from the integrated stellar light observations of galax-
ies (e.g. Henry & Worhey et al., 1999; Bressan et al., 1994; Stott et al., 2014;
Gallazzi et al., 2005). The metallicity distribution of planetary nebulae has
also been used as evidence for gas accretion (e.g. Magrini et al., 2007). These
metallicity results are for a variety of galaxy types and the fact that the
accreting gas needs to be relatively low metallicity is considered support for
the IGM being a major source of accretion.
3 Expected Modes of Accretion
Gas accretion onto the stellar component of a galaxy can proceed in several
ways and from multiple sources. Most of the gas in the halos of galaxies is
ionized, and since the ionized gas mass in a galaxy’s disk is smaller than
the mass in cold gas (< 104 K; e.g., Ferrie`re et al., 2001), the halo gas must
rapidly cool as it accretes. The gas may come in as large cool clouds, dribble
onto the disk from smaller warm clouds, enter preferentially at the edges of
the galaxy, or the gas may accrete with a combination of these methods.
The dominant mode of accretion at the star forming component of a galaxy
remains to be determined. The interplay between enriched outflowing gas
with gas coming in may be key in this process (Fraternali & Binney, 2008;
Putman et al., 2012; Marinacci et al., 2010; Voit et al., 2015).
The major sources of the accreting material are thought to be the IGM,
satellites, and recycled feedback gas (see Figure 2). Theoretically, all three
of these sources are expected and observationally there is evidence for all
three, although much of the evidence is indirect. For instance, the continuous
distribution of gas from a galaxy through its halo to the IGM, as found with
absorption line experiments (Tumlinson et al., 2013; Prochaska et al., 2011;
Penton et al., 2002; Wakker & Savage, 2009; Chen et al., 2001), is consistent
with the IGM as an important fuel source, though not direct evidence of
its accretion. Theoretically, the inflowing filaments of IGM are expected to
be the largest source of ongoing accretion for a galaxy (Joung et al., 2012b;
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Fig. 2 A representation of the three expected sources of accretion with red indicating
hot gas and blue cooler gas. a) (top-left) Accretion from the IGM along filaments where
the outer parts are heated and the inner parts are able to cool. The hot IGM-originated
halo gas cooling near the disk as it mixes with denser gas is also indicated. b) (top-right)
Feedback material can accrete as part of a fountain flow close to the disk with hot gas
from stellar feedback rising and then cooling and falling back down. Gas from a central
outflow will mix with existing halo density enhancements and this may also result in cool
clumps that eventually accrete. c) (bottom) Satellites are stripped of their gas as they
move through the diffuse halo medium and this gas will fall to the disk as warm clouds.
As the gas slows and mixes with denser feedback material it can potentially re-cool close
to the disk.
Keresˇ et al., 2005; Brooks et al., 2009). Depending on the mass of the galaxy
halo, some percentage of the inflowing IGM is heated to high temperatures
in the simulations. Figure 3 shows the state of the accreting case for a L∗
galaxy and how the filaments of low metallicity IGM (top panel) are par-
tially heated as they move through the halo and also cool in the central
regions as they approach the disk. How the gas is able to ultimately cool
to below 104 K and feed the star formation in the disk may be related to
density enhancements in the filaments and the mixing with satellite and feed-
back material (Joung et al., 2012b; Fraternali & Binney, 2008). The simula-
tions also find that much of the ongoing IGM accretion occurs towards the
edges of the galaxy to avoid the dominant feedback from the central regions
(Stewart et al., 2011; Ferna´ndez et al., 2012).
It is clear that satellite gas is stripped within a galaxy halo as obser-
vations have captured this directly (e.g., Figure 4), and satellites closer
to galaxies typically do not have gas and are redder (Grcevich & Putman,
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Fig. 3 The mass accretion
rate of different tempera-
ture and metallicity gas at
z = 0 in an AMR simulation
of a Milky Way mass galaxy
(Joung et al., 2012b). Most
of the accreting gas is low
metallicity material from
the IGM as shown in panel
A. The highest metallicity
gas (panel C) has a net
outflow at all radii. The
change in temperature of
the accreting gas is largely
due to the heating of the
inflowing gas as it interacts
with existing halo gas and
the cooling in the central
regions of the filaments.
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2009; Spekkens et al., 2014; Geha et al., 2012). Ram pressure stripping by
the CGM of the host galaxy is thought to be the dominant stripping mecha-
nism, but other forces can be important, for instance when satellites come in
as an interacting pair (Pearson et al., 2016; Marasco et al., 2016). The gas is
largely heated when it is ram pressure stripped (Tepper-Garc´ıa et al., 2015;
Gatto et al., 2013; Fox et al., 2014), and (again) it is not completely clear how
it ultimately cools to feed the galaxy’s star formation. It may sink to the disk
as density enhancements in the halo and ultimately cool closer to the disk as
it slows and encounters a denser surrounding medium (Heitsch & Putman,
2009; Joung et al., 2012b; Bland-Hawthorn et al., 2007). The numerous small
satellites found in the Local Group and predicted by simulations do not pro-
vide a significant amount of gas, but larger satellites, such as the Magellanic
Clouds for the Milky Way, can provide gigayears worth of star formation fuel
to a galaxy.
There are numerous observed kinematic signatures of feedback mechanisms
putting gas into the halos of galaxies (Rubin et al., 2014; Shapley et al., 2003;
Weiner et al., 2009; Chen et al., 2010; Heckman et al., 2000). While simula-
tions require many of the metals created by a galaxy are ejected from the
system (see panel c of Figure 3), there is a large mass of metals detected in
galaxy halos that remains bound (Tumlinson et al., 2011; Werk et al., 2014).
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Fig. 4 Evidence for accretion from H I observations for the Milky Way (bottom), M31
(top left; Westmeier et al., 2007), and NGC 891 (top right; Oosterloo et al., 2007). The
Milky Way observations are shown from an external point of view with the viewing angle
and distance to M31 (bottom left) and NGC 891 (bottom right). The accreting Milky Way
H I halo gas at < 10 kpc (blue contours) is difficult to discern from the disk gas (black
contours) with an external view. The red contours show the accretion of satellite H I from
the Magellanic System (Putman et al., 2003). The origin of the extraplanar H I for M31
and NGC 891 is unknown, but some of the larger H I features are potentially linked to
satellite accretion. The extraplanar H I shown is not a substantial amount of mass, but
some of it may represent the cooling of the large reservoir of ionized halo gas. This figure
is from Putman et al. (2012) and more details can be found there.
The results therefore indicate there is abundant future star formation fuel
that has already cycled through the galaxy. As discussed at the end of §2,
the metallicities of the stars in galaxies indicate feedback should not domi-
nate as the fuel source. Mixing feedback material with IGM and satellite gas
is key to balance this out. This is consistent with the results of simulations
that can produce the large amount of detected ions in galaxy halos while
remaining consistent with the observed mass-metallicity relation for galaxies
(Oppenheimer et al., 2016; Muratov et al., 2016).
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4 Direct Observational Evidence for Accretion
Direct unambiguous kinematic evidence of gas falling onto a galaxy is rel-
atively rare. The simple approximation of the mass accretion rate is M˙
(M⊙/yr) = Mv/z, where M is the mass of the accreting material, v is its
velocity, and z is the height the material is falling from. Each of these pa-
rameters usually has significant uncertainties in the observations depending
on the gas phase probed and the geometry of the system. In all cases we are
only capable of measuring one component of the gas velocity, and accretion
can be more accurately assessed when the gas is known to be close to the
disk and unmeasured tangential velocities cannot easily dominate.
The Milky Way is an example of gas observed at 1-15 kpc above the
disk that is clearly infalling. The actual rate of accretion depends on the 3D
motions of the gas and the full extent of the accreting layer, but the rates
calculated are 0.1-0.4 M⊙/yr for the coldest gas (Putman et al., 2012), and
closer to 1 M⊙/yr when the ionized gas is included (Lehner & Howk, 2011).
Most of the gas thought to be in the halo of the Milky Way has unknown
distances. The only halo gas known to be at large radii is that associated with
the Magellanic System (Putman et al., 2003; Fox et al., 2014). It is difficult
to say when the gas of Magellanic origin will accrete as it is likely to have a
large tangential velocity component and will slow and be heated as it falls. An
extended, diffuse halo medium is inferred to exist for the Milky Way from the
nature of the Magellanic System and stripped satellites (Salem et al., 2015;
Emerick et al., 2016; Grcevich & Putman, 2009). The motion of this diffuse
halo medium is largely unknown, and much of it is thought to be hot and not
easily observed. There is at least a consistency between the radial velocities
of the ions that probe the warm-hot halo gas and the simulated extended
halo medium represented in Figure 3 (Zheng et al., 2015).
There is limited direct evidence for accretion beyond the Milky Way. Ab-
sorption line experiments that use background QSOs do not know the location
and motion of the gas relative to the galaxy’s stars. Experiments that use
objects within the galaxy itself do not have the uncertainty of the gas being
on the near or far side and the corresponding ambiguity of the velocity po-
tentially representing inflow or outflow. The vast majority of the observations
using the galaxy itself show significant outflows, with only a few examples
of detected inflow. Rubin et al. (2012) and Martin et al. (2012) detected Mg
II and Fe II absorption for 100+ star forming galaxies at z = 0.4 − 1.3 and
found only 4-6% show cool gas inflow with velocities < 200 km s−1. The low
detection rate may be related to the covering fraction of the cold gas inflow,
the low velocities of the inflow relative to their velocity resolution, and/or
significant inflow could be an intermittent process. Rubin et al. (2012) found
all but one of the galaxies with inflow have an inclination > 60◦; and this
may have helped to differentiate the inflowing material from the ubiquitous
outflows. Many other claims of inflow that use the galaxy itself are tenuous
given the velocity resolution of the observations and the difficulty in separat-
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Fig. 5 The direct detection of accretion for the Local Group dwarf spiral galaxy M33
(Zheng et al. 2016). The left is a UV image of M33’s star formation from GALEX with the
stars targeted with the Cosmic Origins Spectrograph on HST labeled as S1-S7. The right
shows the Si IV (λ1393) absorption lines detected for each sightline. The 0 km s−1 dotted
line is the observed systemic velocity of the rotating H I disk, the red represents the fits
to the individual lines and the blue is the composite fit. The arrows indicate gas that is
inflowing with respect to M33’s disk.
ing the inflow component from the galaxy in the spectrum (Sato et al., 2009;
Giavalisco et al., 2011).
One of the strongest cases for the direct detection of gas accretion beyond
the Milky Way is for the small spiral galaxy M33 in the Local Group. Zheng
et al. (2016) used UV-bright stars in M33’s disk as background probes and
found the kinematic signature of inflow across the star forming disk in the
Si IV absorption lines (Figure 5). An accreting layer of gas at the disk-halo
interface is the most consistent model with the distribution and velocities of
the inflowing gas. A layer close to the disk is consonant with the difficulty
in detecting the inflow in other systems. The accretion rate obtained (∼ 2.9
M⊙/yr) is relatively large for this small galaxy, and may be further evidence
for the infall of fuel being intermittent in nature.
With the numerous indirect methods of detecting gas accretion it is dif-
ficult to provide a complete census of the results. This paragraph gives an
overview of some of these methods. As mentioned previously, absorption line
experiments that use distant background probes and model the likely lo-
cation of the gas relative to the galaxy are often used to claim accretion
(Bouche´ et al., 2016; Bowen et al., 2016). The actual location of the gas is
not known, but cases where the absorbing gas is close in position-velocity
space to the galaxy are more likely to be capturing the accretion process.
When particularly low metallicity gas is detected in a galaxy halo it is of-
ten claimed to be the accretion of the IGM filaments mentioned in §3 (e.g.,
Lehner et al., 2013; Cooper et al., 2015; Crighton et al., 2013). It would be
difficult to explain this gas as anything else, but since the exact location and
kinematics of the gas is unknown, it may or may not be accreting. It is also
difficult to separate an IGM origin from satellite material at low redshift using
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metallicity alone (Muratov et al., 2016). Filamentary extensions of Lyman-α
emission have been taken to be the detection of accretion at high redshift. In
cases when multiple datasets are combined, the evidence is particularly strong
(e.g. Rauch et al., 2016; Fumagalli et al., 2016; Martin et al., 2016). Finally,
at low redshift, extensions of H I emission have been published as evidence for
accretion (e.g. Kreckel et al., 2012; Putman et al., 2009; Sancisi et al., 2008,
top panels of Figure 4). The gas detected will certainly eventually accrete
onto the nearby galaxy, but the origin of the gas and the direction the gas is
currently moving is usually uncertain.
5 Summary
As outlined in this chapter and throughout this book, it is clear that gas
accretion onto galaxies is occurring. We now know that the accreting cold
hydrogen clouds originally found for the Milky Way are a small component
of a process found throughout the universe. There are clear kinematic signa-
tures of infalling gas for multiple galaxies and numerous other observations
of individual systems that are consistent with gas accretion (§4). Beyond the
evidence in individual systems, galaxies throughout time have star formation
rates and metallicities that require ongoing accretion and the evolution of
the H I mass density with time suggests it needs a constant source of replen-
ishment (§2). The three main sources of accretion seen in simulations (IGM,
satellites, feedback material) are consistent with what is found in observations
of galaxy halos (§3).
Though we have made tremendous progress from when the idea of gas
accretion originated, there remain many open questions as to exactly how
gas accretion proceeds and how frequently. In particular, how the abundant
ionized baryons within galaxy halos ultimately become star formation fuel is
unclear, as is whether the infall occurrence is preferentially linked to satellite
accretion or a feedback cycle. Future observations and simulations should fur-
ther investigate how accretion and feedback are consistent with each other.
In simulations the two mechanisms often preferentially occur along different
axes, but observations have yet to solidly confirm this. It is also possible that
accretion turns on when a galaxy is not in as dominant of a feedback stage.
We are well-poised with the future direction of observations and simulations
to address these questions. Sensitive, high velocity resolution absorption line
experiments that use the galaxy itself combined with spatially and kinemati-
cally resolved observations of galaxies in emission will reveal additional clear
cases of gas accretion and begin to place the origin of the gas. Sophisticated,
high resolution simulations that include realistic feedback prescriptions and
gas mixing can be compared to observations and will serve as a useful guide
to our understanding.
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